We present a detailed study of the electronic structure and band alignment in LaAlO 3 /SrTiO 3 oxide heterostructures by hard x-ray photoelectron spectroscopy. Our spectroscopic measurements find no evidence for the strong potential gradient within the polar LaAlO 3 film predicted by band theory. Due to the high interface sensitivity of the method, we are further able to determine the valence band offset between the LaAlO 3 film and the SrTiO 3 substrate, which is found to be independent of the number of LAO overlayers. Finally, we discuss several explanations for the apparent absence of the built-in field in ex situ prepared LaAlO 3 /SrTiO 3 heterostructures.
I. INTRODUCTION
By breaking the translation or inversion symmetry at the interface, oxide heterostructures may reveal unexpected and novel functionalities. A prominent example is the formation of a high-mobility two-dimensional electron system (2DES) at the interface of the polar LaAlO 3 (LAO) grown epitaxially on TiO 2 -terminated nonpolar SrTiO 3 (STO), when the LAO overlayer thickness exceeds three unit cells (uc).
1,2 The 2DES is switchable by an external electric field 2 and undergoes a transition to a two-dimensional superconducting ground state below 0.2 K. 3, 4 Recently, the coexistence of a superconducting state and ferromagnetism was experimentally observed. [5] [6] [7] While oxygen defects 8 or cation intermixing at the interface 9, 10 have also been suggested as origin of the 2DES, the most discussed explanation is electronic reconstruction driven by the polar discontinuity between both oxides. In this scenario, electrons are transferred from the surface to the interface to compensate the built-in potential within the polar LAO film.
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These extra electrons are confined to the interface and hosted in otherwise unoccupied Ti 3d states. [11] [12] [13] Recent density functional theory (DFT) calculations of the layer-resolved density of states (LDOS) support this picture. 14, 15 It is found that the polar field within the LAO causes the O 2p-derived valence band to assume a strong gradient towards the chemical potential. With increasing LAO thickness, the valence band maximum eventually crosses the chemical potential at the LAO surface, depleting these states and transferring electrons to the next available empty states, namely, the STO conduction band states at the interface, thus forming a Ti 3d-derived conducting 2DES.
While the DFT results provide a coherent explanation for the 2DES formation, direct experimental evidence for the electronic reconstruction scenario and the related band bending in LAO is still lacking. Hard x-ray photoelectron spectroscopy (HAXPES) with its high probing depth and interface sensitivity is a suitable tool to address this issue. It provides detailed information on the electronic structure of the entire heterostructure, i.e., both in the LAO film and the STO substrate. In particular, the method is very sensitive to composition at the interface 13 and is in principle capable of detecting a built-in potential, as has been demonstrated for other polar oxide heterostructures. 16 In this paper, we study the electronic structure in LAO/STO heterostructures by comprehensive HAXPES experiments. Based on a detailed analysis of valence band and corelevel spectra, we address the question of the band bending within the LAO film as well as the band alignment between STO and LAO. The spectroscopic findings are found to deviate from the conventional electronic reconstruction picture suggested by DFT. We discuss possible intrinsic and extrinsic explanations for the observed discrepancies. In particular, we point out that oxygen vacancies on the LAO surface may play a crucial role in a modified electronic reconstruction scenario explaining the 2DES formation consistent with our spectroscopic observations.
II. EXPERIMENT
The HAXPES experiments were performed at the P09 beamline of PETRA III (DESY, Hamburg), using a SPECS Phoibos 225 spectrometer with an overall energy resolution of E ≈ 0.45 eV at a photon energy of 3.5 keV. For complementary XPS measurements, a monochromatized Al Kα laboratory source (hν = 1486.6 eV) and an Omicron EA-125 analyzer were used. Here, the overall energy resolution was ≈0.40 eV. Both spectrometers were stable in the required energy range within ±0.02 eV. As energy reference, a Au Fermi edge was measured. If not otherwise indicated, all spectra were taken at room temperature (RT) and in normal emission geometry.
A set of LAO/STO samples with varying LAO overlayer film thickness (2, 4, 5, 6, 12 , and 20 uc) was prepared by pulsed laser deposition (PLD) on TiO 2 -terminated STO substrates creating an n-type interface. A detailed description of sample growth can be found in Ref. 2. The film thickness was monitored by reflection high-energy electron diffraction (RHEED). The oxygen pressure during growth was set to 1 × 10 −4 mbar while the substrate temperature was held at 780
• C. Subsequently, a post-oxidation procedure was applied, where the samples were cooled down to room temperature in 0.4 bar of oxygen. Transport measurements previously done on the samples have shown that the interface becomes conducting only at a critical thickness of 4 uc hosting highly mobile electrons. 2, 17 All samples are equipped with a gold contact as used in transport measurements. 2 This provides a good electrical contact between the interface 2DES and the sample holder to overcome charging effects during the photoemission process. As reference samples for bulk STO and LAO spectra we used a bare Nb-doped STO substrate (0.05 wt.%) and a thick LAO film (20 uc), respectively. All samples were transported under ambient atmosphere and measured without any further surface preparation.
III. RESULTS

A. Potential gradient in LaAlO 3
The electronic reconstruction picture predicted by the DFT calculations would have several consequences which are in principle detectable by photoemission, as schematically depicted in LAO film valence band states will be pushed all the way to (and above) the chemical potential μ, i.e., spectral weight should be observed at or near the chemical potential due to the occupied states in the LAO surface layer. (ii) All atomic core levels in the LAO film will track the finite slope of the valence band edge, with the corresponding spectra thus being broadened and shifted in energy relative to a flat band situation. As an example, Fig. 1 sketches the expected valence band and core-level spectra for the case of a conducting 6-uc sample. Furthermore, the core-level spectra for varying LAO film thicknesses should show a significant change in the peak shape because the rising number of LAO layers beyond the critical thickness leads to an increasing amount of transferred electrons, thereby reducing the built-in field and hence also the relative core-level energy shift between adjacent LAO layers.
We start our experimental investigations with an analysis of the LAO/STO valence band spectra. In Fig. 2(a) , the valence band spectrum of a conducting 6-uc sample is presented. As is clearly evident, a wide gap between the chemical potential and the valence band edge appears. We determine the energy position of the valence band maximum (VBM) by a linear fit of the valence band edge to be ≈3.1 eV. This value is practically independent of the LAO film thickness for all conducting heterostructures studied here, i.e., between 4 and 20 uc (see Table I ). For the nonconducting 2-uc sample, no reliable VBM energy could be determined because charging effects prevented a precise measurement within acceptable error bars. The absence of any spectral weight just below the chemical potential and the large photoemission gap of 3.1 eV already indicate the absence of the predicted potential gradient.
To confirm this result, we additionally measured the spectra of several core levels. As an example, we show in Fig. 2 (b) the Al 1s spectra. We do not observe any significant modification of the peak shape, e.g., broadening or asymmetry, as a function of LAO film thickness. For a more quantitative analysis, we introduce a model to describe how the predicted potential gradient would influence the peak shape of the Al 1s spectrum. In this model, the total spectrum is composed out of the contributions of each individual LAO layer, with each layer shifted in energy with respect to the bulk position and multiplied with the damping factor e −z/λ to include the depth sensitivity of photoelectron spectroscopy. Here, z describes the depth from which the photoelectrons are emitted and λ the inelastic mean-free path of the photoelectrons. For the Al 1s core level and the used photon energy (3.5 keV), λ is approximately 30Å according to the NIST database. 18 As underlying reference line shape for each single layer, we have used the Al 1s bulk spectrum of the LAO reference sample.
The resulting model spectrum for a typical shift of 0.4 eV per uc, as e.g. predicted for a 5-uc sample, 14 is shown in Fig. 2 (b) as gray shaded curve. It displays both a clear asymmetry and a peak shift from the expected bulk binding energy, which is absent from the experimental spectra. From this comparison and within the experimental uncertainties we estimate an upper limit for a possible internal field-induced energy shift of at most 6 meV per uc. The strong deviation from the DFT result is consistent with other photoemission studies on LAO/STO heterostructures. In order to rule out temperature effects as the origin of this discrepancy, we have measured the Al 1s core-level spectrum over a wide temperature range between 20 and 300 K. As shown in Fig. 2(c) , no notable changes can be observed.
B. Band bending in SrTiO 3
According to DFT band theory, the STO conduction band minimum (CBM) bends below the chemical potential near the interface to form a potential trough with a width of a few unit cells only (T = 0 K). 15, [23] [24] [25] [26] The resulting Ti 3d-derived quantum-well states become populated by the electronic reconstruction mechanism and form the 2DES. The Ti 3d character of the interfacial carriers has experimentally been verified by several spectroscopic studies. 11, 13, 27 As an example, Fig. 3(a) shows the Ti 2p core-level spectrum of a 4-uc LAO/STO sample which besides a dominant Ti 2p 3/2 peak corresponding to Ti 4+ (arising mainly from the STO bulk) displays a slight shoulder at lower binding energy (≈457 eV) which can be assigned to the chemically shifted photoemission from Ti 3+ ions at the interface, thereby giving direct evidence of occupied Ti 3d states. 13 Concerning the magnitude of the actual band bending, the DFT calculations yield a value of more than 0.5 eV within the first five STO layers. 15, 25, 26 In order to test this prediction experimentally, we have analyzed the substrate core levels. However, with the Ti 2p line shape being affected by the Ti 3+ shoulder and the other Ti and Sr core levels being rather broad and/or of small intensity, the Sr 3d doublet is most suitable for our analysis. The corresponding spectrum of a 6-uc sample is shown in Fig. 3(b) , compared to one taken from a Nb-doped STO reference sample. For the LAO/STO sample, some background corrections have been made because the Sr 3d doublet is affected by a satellite emission of the La 4d core level. No significant broadening or asymmetry with respect to the reference sample is observed, indicating that the actual band bending is far less than theoretically predicted. Applying a model similar to the core-level analysis of internal field effects in the Al 1s spectra, we derive an upper limit for the STO band bending of approximately ±0.3 eV within the information depth of HAXPES. Note, however, that the core-level energies follow the VBM and that for our analysis we have additionally assumed a constant energy separation between the VBM and the CBM. If, however, the fundamental band gap slightly shrinks towards the interface, the small energy shifts estimated from the core-level energies may still allow for a stronger bending of the STO CBM. Indeed, several DFT calculations seem to indicate such a gap renormalization towards the interface. 23, 28 The spectra are normalized to the same peak area. A chemically shifted Ti 3+ emission is observed, which reflects the extra Ti 3d electrons hosted at the interface. (b) The Sr 3d core-level spectrum exhibits no significant broadening with respect to the Nb-doped STO sample, thus no indication for strong band bending is found. Note that a background correction is needed for an accurate analysis since a La 4d satellite emission at ∼134 eV overlaps with the Sr 3d doublet (see inset).
C. Band alignment at the interface
The HAXPES sensitivity for both the LAO film and the STO substrate allows us to investigate the relative arrangement of the VBM on both sides of the interface, i.e., the valence band offset. Several theoretical studies have addressed the band alignment and predict an offset, where the VBM of STO is above that of LAO, 23, 24, 29 generally denoted as a type-I interface. Other groups come to the contrary results, with the VBM of STO below the VBM of LAO (type-II interface). 15 Experimentally, the relative band offset can be determined by two independent methods. The first one involves a decomposition of the valence band spectrum into the individual LAO and STO contributions. For this purpose, the valence band of the heterostructure is fitted by a superposition of the valence bands measured on the bulk components. The free parameters to be determined in the fitting procedure are (i) the energetic shift between both bulk valence bands and (ii) their relative intensity. Because the valence band of both oxides is dominated by O 2p states, it is important to measure them with bulksensitive HAXPES (hν = 3.5 keV) in order to minimize any distorting effects by oxygen-containing surface adsorbates. Note that under these conditions, the (small) band bending in the first STO layers is negligible since most of the spectral weight arising from STO stems from deeper layers in the bulk.
The result for the 5-uc sample is shown in Fig. 4(a) . The best agreement between superposed bulk spectra and the measured LAO/STO valence band is obtained for a band offset of −0.33 ± 0.10 eV. The negative sign corresponds to a type-II situation. The obtained offsets for the other samples are presented in Table I . The values show some slight scatter, but no obvious trend with varying LAO film thickness can be discerned within the error bars. Thus, an average band offset of −0.36 ± 0.10 eV is obtained.
The relative valence band intensity I STO /I LAO gathered from these fits is expected to systematically decrease as a function of LAO film thickness. Taking into account the damping factor e −d/λ and assuming that λ STO ≈ λ LAO = λ, the intensity ratio can be described by
Figure 4(b) shows the calculated I STO /I LAO as a function of the LAO film thickness using a λ of approximately 50Å (calculated from NIST database 18 ). The I STO /I LAO values of various samples obtained from the valence band fits are also plotted in the chart. The excellent correspondence between theoretical and fitted intensity ratios emphasizes the high reliability of our above valence band analysis.
In an alternative approach, the band offset can also be determined by an analysis of the core-level spectra. For that, the energy difference between a core level and the valence band maximum has to be measured in both bulk components. The same core levels have to be measured in the heterostructures, accordingly. From these data, one can calculate the valence band (VB) offset and, by including the band gaps of LAO and STO, also the conduction band (CB) offsets: 30, 31 
The Al 2p core level was measured on the LAO reference sample, the Sr 3d core level on the Nb-doped STO reference sample, as well as both core levels on the heterostructures (see Fig. 4 ). The evaluated energy differences as well as the calculated values for the VB offset of our set of samples are summarized in Table I . Similar to the results from the valence band analysis, no dependence on LAO film thickness can be found within the error bars. In our measurements, the energy difference between the Sr 3d and the Al 2p core levels is nearly constant. The resulting mean value of the VB offsets is −0.35 ± 0.10 eV, in excellent agreement with that determined The negative sign of E VB means that the VBM of STO is below the VBM of LAO (type-II interface). While agreeing in sign, the value obtained here is significantly higher than the offset reported by other photoemission studies of PLD-grown heterostructures. 10, 21, 35 Note that a possible small downward bending of the STO-VBM towards the interface would imply an even larger offset directly at the interface. In contrast, from photoemission on samples grown by molecular beam epitaxy (MBE), Segal et al. have recently concluded on an offset value similar to ours, but of opposite sign, i.e., a type-I interface.
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IV. DISCUSSION
One of the key results of our study is certainly the apparent absence of any potential gradient in the LAO film, which is in strong contrast to the predictions of DFT calculations for perfectly stoichiometric heterostructures. Consequently, one has to think about possible extrinsic effects not covered by conventional band theory. Here, we will discuss the possible role of photoinduced carriers and oxygen vacancies.
It is well known that even ambient light creates long-lived photocarriers in LAO/STO heterostructures strongly affecting, e.g., the electrical conductivity. 36 Similar excitations may occur during the actual HAXPES measurements: As a side effect of photoelectron emission, also high-energy electronhole pair excitations are created, with electrons and holes rapidly thermalizing down to the conduction and valence band edges, respectively. Due to the polar field in the LAO film (if existing), holes and electrons will be spatially separated and accumulated at the LAO surface and at the interface, respectively, with little chance for recombination. This outof-equilibrium state builds up a field of opposite sign and may in saturation fully compensate the intrinsic potential gradient in the LAO film. 37 It could even affect the measured values of the band alignment at the interface due to a photoinduced change of the local potential near the interface.
This mechanism is based on a distinct imbalance between formation and recombination rate of the photogenerated electrons and holes. One would thus expect it to depend strongly on x-ray intensity. In order to test this scenario, we have therefore taken a series of both valence band and Ti 2p core-level spectra with varying photon flux, shown in Fig. 5 . Clearly, no changes are observed in shape or energy position of the valence band, when reducing the maximum photon intensity I 0 of the beamline 38 by two orders of magnitude. The same holds for the Ti 2p spectrum and the relative proportion of Ti 3+ to Ti 4+ weight, even when reducing the intensity by one order of magnitude more. Note that the chronological order of these measurements was from low to high flux, attempting to prevent early saturation. These results show that photon intensity reduction by three orders of magnitude does not lead to a detectable restoration of the internal LAO band bending nor to a notable decrease of charge carriers at the interface. In agreement with the conclusions of another recent HAXPES study, 22 our findings therefore seem to indicate that the effect of photogenerated carriers on band bending is small. However, already the weakest intensities used may be too close to saturation. Unfortunately, a further reduction of the photon flux is not feasible due to the already very low photoemission signal. Thus, we can not exclude the possibility of photocarrier-induced band flattening. We wish to remark, though, that photoemission experiments on a related heterostructure with polar discontinuity (LaCrO 3 /SrTiO 3 ) did observe a built-in potential gradient, 16 indicating that it is principally detectable and that its absence in photoemission spectra of LAO/STO could therefore be real.
An alternative explanation for the apparent flat band situation has been provided by recent theoretical studies which allow for the presence of oxygen vacancies in the LAO film 22, 26, [39] [40] [41] (not to be confused with the role of vacancies in the STO substrate). In these calculations, it is found that the cost of energy associated with the generation of these defects, i.e., their enthalpy of formation, assumes a minimum at the LAO surface and that each (positively charged) oxygen vacancy leaves two electrons which are transferred to the interface. The resulting charge distribution counteracts the polar field and thus reduces its electrostatic energy. Thus, above a critical thickness it will energetically be favorable to induce oxygen defects at the LAO surface, with a positively charged (but insulating) surface and a negatively charged interface 2DES. 26, 39, 40 To some extent, this pictures restores the original electronic reconstruction scenario by replacing the hole states of the (experimentally not observed) metallic LAO surface band by vacancy-induced empty defect states at the surface (see also the discussion in Ref. 37 ). Here, we note that the generation of oxygen defects by the tip of an atomic force microscope (AFM) has also been discussed as the driving mechanism for AFM-induced switching of the 2DES. 42 In addition, we wish to point out that our results have been obtained on samples which have been exposed to ambient atmosphere prior to the HAXPES measurements with no further surface preparation. Recent experiments show a strong influence of polar adsorbates on the conductivity of the 2DES. 43 It is therefore conceivable that, e.g., water adsorption on the LAO surface could affect the electronic structure in such a way as to behave different from the clean stoichiometric situation assumed in most DFT studies. In fact, Bristowe et al. have pointed out that surface protonation (e.g., by x-ray-induced or catalytic decomposition of H 2 O molecules) may have an effect analogous to that of oxygen vacancies.
In Fig. 6 , we summarize our results on the band arrangement in LAO/STO heterostructures, including the respective band gaps and the average values for VBM position and VB offset. The most important results are the VB offset being independent of LAO film thickness and the apparent absence of a strong internal field in LAO, concluded from both the analysis of the VB spectra as well as from the measured core-level energy differences in LAO and STO (cf. On the other hand, and in contrast to our data, the remaining E behavior has been reported to systematically depend on the number of LAO layers and attributed to a small residual band bending within the LAO film. However, such an interpretation is ambiguous, as one can not clearly distinguish between a thickness-related change of the band alignment and an energy shift due to the increasing built-in field. Furthermore, while the values of E for samples above and below the critical thickness differ significantly suggesting the systematic trend, the variations of E for samples above the critical thickness are small within the error bars. However, samples with only 1 or 2 uc of LAO should be highly insulating, thus photoemission on them being strongly affected by charging. This is indeed the reason why, e.g., for our 2-uc sample a precise VB offset analysis was not feasible and reliable core-level energies could not be determined.
The apparent noncharging of subcritical LAO films in other photoemission studies suggests a higher density of oxygen vacancies in the STO substrates and hence larger residual conductivity. In contrast, for our sample set we have taken special care to minimize the oxygen vacancy density near the interface by the extra post-oxidation step. 44 This oxygen vacancy conditioning is independent of LAO film thickness and could be a reasonable explanation for the nearly constant VB offset in our samples.
Note that a recent report of a significant potential gradient observed in tunneling and capacitance experiments on LAO/STO (Ref. 45 ) is not directly comparable to our present results. In those experiments, a metal electrode was attached to the LAO surface of the heterojunctions. It is well known from both experiment and theory that the electronic structure of capped LAO/STO can be quite different [46] [47] [48] from heterostructures with free surfaces, as studied here.
V. SUMMARY
We have presented a detailed study of the band arrangement in LAO/STO heterostructures by using hard x-ray photoelectron spectroscopy. Our data taken on ex situ grown samples show apparent flat band behavior in the LAO film, in agreement with previous photoemission experiments, but at variance with the DFT calculations for stoichiometric heterostructures. Modified electronic reconstruction scenarios involving oxygen vacancies at the LAO surface or the influence of polar surface adsorbates could provide a possible explanation for the absence of the potential gradient. Alternatively, the experimental observations could also result from a photoninduced nonequilibrium charge imbalance. Furthermore, we have determined the band offset between the VBM of LAO and STO and found it to be independent of the LAO film thickness. However, the absolute values partially disagree with previous photoemission experiments, possibly related to subtle differences in heterostructure preparation conditions. Clearly, more systematic studies on the effect of epitaxial growth parameters (in particular concerning the oxygen stoichiometry) and the difference between in situ and ex situ prepared samples are needed.
